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(U) SUMMARY

Hypereutectoid Type AISI E52100 steel was evaluated by the
Ammunition Engineering Directorate's Ammunition Engineering
Laboratory for its suitability as an alternate material for the
two-piece pearlitic malleable iron (PMI) M151 Warhead of the
2,75-Inch Rocket System,

The 52100 steel was applicable for one-piece fabrication ~-
to produce the desired fragmentation, Other segments were
investigating 52100 steel using a novel and expensive heat treatment
to produce a carbide network to obtain optimum fragmentation,
However, this process was not consider .. practical for the 2,75-inch
warhead because of the large productivu requirement, The intention
was to utilize conventional furnace and temper:techniques to obtain
fragmentation equivalent to the PMI Warhead.

One hundred warheads produced by Chamberlain Corporation
of Waterloo, lowa, were subjected to a series of engineering design
tests for this investigation, The material proved acceptable, A
follow-up pilot production of these warheads was undertaken to
confirm suitability of this steel and to develop a manufacturing
process for these warheads, However, as a result of the mass
production process developed by Chamberlain Corporation,
acceptable fragmentation could only be attained withia material
too brittle to pass minimum safety requirements, A drop test
was used to evaluate the suitability of these warheads for excessive
brittleness, and the drop test results were later confirmed
by actual charpy impact tests. An investigation was made to
determine the cause of brittleness in the production samples,

‘ Attempts to modify the heat treatment to satisfy requirements
as well as provide good fragmentation were not successful,
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(U) CONCLUSIONS

For the steel warheads to achieve comparable fragmentation
with PMI rounds, a hardness requirement of RC 52-58 was
established, However, this requirement did not apply to the
nose and base areas which had to be soft for threading,

This hardness requirement was achieved by the contractor
during the initial production of 100 warheads by furnace heating
and oil quench and tempering, followed by induction softening of
the nose and base ends, This process resulted in warheads
which passed all safety and performance tests. During the |
follow-up pilot production phase, the most economical process 1
developed to meet these requirements utilized a vertical induction 1

i

scarning unit which selectively hardened the major center area,
leaving the ends scft, This process produced warheads too
brittle to pass minimum safety requirements. An investigation {
revealed the presence of banding in these warheads and traced
this condition back to the production starting slug., This banding
condition (which essentially acts as brittle stringers) was not
present in the early test samples, according to the investigation,

Attempts to modify heat treatment to satisfy both safety 1
drop and fragmentation requirements failed,
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(U) STUDY

Hypereutectoid steel 'vas initially investigated as an alternate
material to PMI to broaden the supply base of the M151 Warhead
for the 2,75-Inch Rocket,

This warhead is presently fabricated from a two-piece design
with the nose section produced as a casting from PMI (FMI and Ductile
iron can also be used) and silver-brazed to a cupped base which can
either be cast from PMI or cold formed from low carbon steel. The
Army anticipated that future procurement for this item would be
increased substantially and therefore the one-piece hypereutectoid
steel warhead (Figure 1) could expand supply channels in the metal
working industry to meet the Army's increased production requirements,

The M151 Warhead is a fragmentation warhead developed for the
2,75-Inch XM3 Rocket Launcher in conjunction with the helicopter
armament program, It is loaded with 2,3 lbs, of Composition B4
explosive, The base section has an Acme thread for attachment to
the front end of the Mk 40 ro~ket motor, The nose end of the warhead
is threaded to accommodate the M423 Point Detonating (PD) Rocket
Fuze (or XM427E1 Fuze for Air Force application).

Historz

The 2,75-Inch Rocket was originally developed by the Navy
primarily for air-to-air service and utilized a six-1lb, forged steel
warhead. In applying this rocket for its air-to-ground application,
| the Army initiated an R&D program to redesign the warhead to
increase lethality (Figure 2), In this connection, a 10-1b, warhead
(produced from PMI as a two-piece design with a brazed joint) was
developed and safety certified in October 1964 (as the XM151). In
June 1964, Chamberlain Corporation sent Picatinny Arsenal four
warheads reflecting the Navy's six-lb., warhead design and the Army's
10-1b, PMI design, However, these warheads were machined from E52100
steel bar stock to meet the dimensional requirements and were heat-
treated at 1,550°F for one hour, oil quenched and stress reliéved for
one hour at 700°F. Fragmentation tests conducted at Picatinny Arsenal
revealed that Chamberlain Corporation's (E52100 steel) six-1b, warhecad
was appreciably superior to the Navy's six-lb, warhead and the
Chamberlain's 10-1b, steel warhead was comparable to Picatinny
Arsenal's 10-1b, PMI warhead,

i
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During June 1965, Chamberlain Corporation submitted an
ursclicited proposal to develop a warm-forged cold-drawn
hypereutectoid steel body for the XM151 Warhead, The firm
estimated that the warhead -~ as developed by Chamberlain Corporation --
could be mass-produced for $4,98 each where these assumptions
were made:

1. Production quantity -- 400,000 per year,

2, Material -- E52100 steel produced in the open hearth for
12 cents per 1b, plus freight,

3, Heat Treatment -- conventional, furnace soak, oil
quench and temper,

Caea e E

4, Facilities -~ coventional furnaces, presses and machine
tools such as would be widely available in industry,

5. Completion of a successful engineering program to develop
the process,

6. Design -- one piece with elimination of the brazed joint,
This design must be acceptable to the Government., ",

Chamberlain Corporation then sent Picatinny Arsenal fragmentation
data for 52100 steel utilizing test cylinders designed to evaluate the
2,.75-Inch Rocket Warhead charge to mass (C/M) ratio parameters,
These cylinders had previously been heat-treated to various hardness
levels and therefore the data of percent by weight va, weight group
(grams) revealed the extensive work which had been accompiished
by Chamberlain Corpcration -- both through company-sponsored as
well as Air Force and Navy contracts (Table 1),

Initial Test Phase

Picatinny Arsenal negotiated Contract DA-28-017-AMC-2230 (A),
April 1965, with Chamberlain Corporation for 100 warhead metal parts
to be produced from E52100 steel, Off-the-shelf, bearing quality !
52100 steel was utilized for this contract, This contract was designed
to have Chamberlain Corporation demonstrate the feasibility of
producing one-piece warheads which would meet the engineering and
fragmentation test requirements and perform in a manner comparable
to the existing PMI warhead.
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In this connection, a process was developed by the contractor
(Figure 3) whereby bar stock was cut to proper length, cabbaged
and warin (back) extruded, The resulting part was cup-shaped
and drawn out to greater lengths through a series of cold forming
operations, This elongated cylinder was cold-nosed to form the
ogive curvature, The resulting part was hardened through heat
treatment by furnace soaking, oil quenching and tempered back
to produce a hardness of RC 52~58, This would offer fragmentation
equivalent to the PMI warheads based on the series of fragmentation
tests represented by Table 1,

Machining of the threaded areas at the nose and base end
presented a problem due to this hardness; therefore, after
tempering, the warhead extremities were softened, using an
induction coil, to prepare these surfaces for threading,

An initial pilot quantity of 15 warheads was shipped to Picatinny
Arsenal in May 1965 for inspection, After acceptance of dimensional
and hydrostatic (5,000 psi) requirements, the hardness pattern was
measured by cutting a center section through the length of the warhead
and the hardness checked with a Rockwell tester on the ground
cross-sectional surfaces (Figure 4A),. Pit fragmentation tests
were performed on two warheads.(Sample 3 and 4 of Tables 2-4)
and the results were at least comparable with the PMI Warhead.

(Note that sample 1 and 2 in these tables reflect the PMI design
from original R&D data,) In addition, five warheads were drop-tested
at 5- and 10-feet with no evidence of cracks,

Metallurgical tests also were performed on the initial samples.
Figure 5 includes photographs of a sectioned part micro-etched
to reveal flow lines from prior cold work, Figure 6 includes
micrographs of the hard and soft zones which show very slight
banding in the hardened area, Figure 7 includes micrographs of
a typical hard-to-soft transition zone,

Five warheads were ballistically tested using Ballistic
Research Laboratories' (BRL) box method and lethality data compared
by ratio with PMI cast warkeads (Table 5). Results of this test
show the 52100 steel to be superior,
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The balance of 85 warheads was produced and shipped to Picatinny
Arsenal in July 1965 for high explosive (HE) loading and later
subjected to a series of engineering environmental tests at Aberdeen
Proving Ground (APG). The test program consisted of:

1, Jolt Test and Jumble Test followed by rocket firing
in accordance with MIL-STD-300 and 301, respectively
(five warheads for each tegt).

2, Temperature-Humidity Test (14-day cycle) in accordance !
with MIL-STD-304 followed by a 40-Foot Safety Drop
Test at ambient temperature in accordance with
MIL-STD-302 (five warheads).

3. A 40-Foot Safety Drop Test in accordance with
MIL-STD-302 (five warheads).

4, A 5-Foot Drop Test in accordance with MIL-STD-358
followed by a rocket firing test (five warheads).

5. A 3-Day Temperature Storage Test in accordance
with OPM-10-100 followed by Vibration Test (at
temperature) in accordance with MIL-STD-303
(unpackaged vertical orientation only with live
XM423 Fuzes) followed by rocket firing test at
temperature: 40 warheads at +155°F and 20 warheads

at -65°p/

The results of this program were published as part of an
APG report (Reference 1), Under "Summary 6f Results'' this
statement was made:

"The results of the various tests conducted indicate that
52100 Hypereutectoid Steel is safe to use as a substitute
material for the 2,75-Inch HE XM151 LSFFAR Rocket
Warhead. The only significant events occurred during ok
bare 40-Foot Drop Tests. Two 52100 hypereutectoid steel o
shells, one of which had been subjected to temperature-
humidity tests, broke but was safe to dispose bf and thece
was no detonation or burning,..These events merely indicate
that the physical characteristics of these subsititute materials ,
are as safe as but not structurally eomparable with those
of PMI warheads,"

Figure 21 shows the two broken warheads and Figure 8 is a summary
of all firing tests,
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Pilot Production Phase

As a result of the successful initial test phase, a follow-up
pilot production contract was negotiated with Chamberlain
Corporation for 51,000 warhead metal parts to be produced from
52100 Steel, The manufacturing process utilized hard tools and
dies for this quantity compared to the R&D soft tooling used to
produce the initial test samples. The number of draw operations was
maintained at six to minimize the severity of cold work during each
draw -- increasing the chances of a successful production process,
Certain draw operations were consolidated when the contractor
gained sufficient experience and confidence, The resulting process
is outlined in Figure 9,

The heat-treatment process developed under this contract
represented the most economical process for controlling the
location of hardened areas, This was accomplished by utilizing a
scanning type induction heat-treat process for selectively hardening
the central portion of the warhead (7-1/2 inches wide) leaving
both the nose and base ends soft for machining andthreading
operations, Two warheads were placed nose up on a fixture which
''vertically traveled,' allowing the warhead to pass through two sets
of stationary coils, The first coil was for induction heating the
warhead above the critical temperature while the second coil
(designed with small port holes and connected to the quench liquid
reservoir) was for quenching the warheads,

By programming the vertical movement of the Warheads with
the heating/quenching coils, the major portion of the warheads were
hardened, leaving the nose and base areas not heat-treated and soft,

The quenching liquid selected was a diluted solution of polyvinyl
alcohol in water (plastic quench) which produced quenching characteristics
similar to oil, Figure 10 shows the scan heat treatment equipment and
Figure 11 shows sectioned warhead samples after this heat treatment,
The hardness pattern produced from this induction scanning process and
subsequently tempered, is in Figure 4B,

Because of delays by the induction equipment supplier,
Chamberlain had the 15-warhead pilot lot heat-treated using the
induction scan method on similiar type equipment at the supplier's
plant., This supplier was also a speciality induction heat-treater,

Pilot lot inspection was performed at Picatinny Arsenal and the samples
were approved for production, Warheads were also drop-tested.
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and passed, When production started at Chamberlain, the first 500
warheads were shipped to this installation in February 1966 for
confirmatory testing, in accordance with contractual requirements.
The various stages of the production process and the finished warhead
are shown in Figure 12 and 13 and the @pdated drawing used for

this contractiisiin Figure 14,

Two warheads were pit fragmentation-tested and the results |
are in Tables 2=4 as Sample 5 and 6, Metallurgical tests were 1
first performed to study the structure of the material in the finished
state, The results (Figure 15) show the transition zone (Figure 15A)
to be much more abrupt compared with transition zone of the initial
test phase samples (Figure 7)., This id due to the induction scanning
process, Figure 15B revealed what appeared to be banding, ;
running parallel to the center line of the warhead. A crack was |
observed on the inside surface (Figure 15C) and it appeared to
propagate: somewhat through the banded zone (Figure 15D).
Investigating this further, a total of 48 warheads was examined for
cracke on the inside and outside surfaces, Only one warhead had .
a metal defect Wwhich appeared t>» be more of a lap. )

The presence of banding, together with the crack reported in
Figure 15C and D found in a warhead not dropped, raised a concern |
over the possible presence of retained austenite, If present, retained
austenite could lead to structural failure during storage or firing due
to time dependent phase transitions, The unstable austenite would
in such instances transform to untempered martensite with an
associated volume expansion, If this process did occur it would cause
cracks; the cracks could propagate along a brittle banding area
resulting in a severe safety hazard, X-ray flifffaction techniques
were used to measure the austenite in both initial test samples and g
production samples (Reference 2). Retained austenite was found to be '
below the minimum detectable level, believed to be between 0,5 and
1% (Figure 23). .

Five-foot bare drop tests of inert-loaded warheads were
performed to evaluate the safety of the hardware produced by the new
process. The banding noted previously was considered a detriment
to normal safety and handling, Of five warheads dropped -- each in
a different orientation (horizontal, vertical nose down, vertical base
down, nose down 45°, bade down 459 --- the one warhead which was
dropped horizontally cracked, As a result additional tests were scheduled
for both inert-loaded and empty warhead metal parts to be dropped
horizontally (Figure 16), Hardness checks were made on the 40-Foot
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and 5-Foot Drop Test samples (Figure 4C left and 4C right, respectively).
Both warheads met the hardness requirements of RC 52-58,

Metallurgical Analysis

Subsequently, a metallurgical analysis was made of a typical
crack zone, Figure 17 shows a typical condition of the crack parallel
to or possibly propagating through a band, Further micrographs wezne
taken of the specimen to study the banding in three dimensional planes
(Figure 18), It can be seen that the banding is '"'rod like' parallel to the
center line of the warhead., It should be noted that banding was never
observed to any appreciable degree in the initial test phase samples,
as evidenced by a review of Figure 6, This was confirmed by studing
additional samples of both old and new warheads (Figure 19),

A comparison of drop test fracture patterns was made between
present production warheads and the two warheads which broke on
40-Foot Bare Drop Tests during the initial test phase (Figure 20 and
21). The difference in break pattern appears to offer additional
evidence that the banding in the production warheads offered brittle
paths for crack propagation,

A starting slug was obtained from the production stockpile at
Chamberlain Corporation, Metallographic samples were prepared
and examined and banding was present, parallel to the slug center
line which also is parallel to the direction of subsequent metal
working, This banding (Figure 22) remains in the warheads throughout
the entire metal working process and is evidently drawn and attenuated
into concentrated brittle stringers (evidenced by Figure 15B) compared
with the discrete carbide particles of the banding in the starting slug
of Figure 22 (500X),

Physical tests were conducted on specimens representing initial
test and production samples with these results:

TENSILETESTS
“'Yield Tensile | Reduction
Strength| Strength |Elongation| in Area
psi psi (%) (%)
Initial Test Samples 264,000 ]| 299,000 3,2 21.0
264,000 | 299,400 2.4 14,0
Present Production Samples First two samples broke in threaded area,

However, Y.S. reached 282,500 and 281, 000
psi, respectively,
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CHARPY IMPACT TESTS

Charpy Value (ft-lbs) Average
Initial Test Samples 1,72 1.44 1.80 1,65
Production Samples 0.80 0.95 0.38 0.71

At the same hardness level, the initial test samples offered twice
the impact value as the productinn samples, Broken charpy surfaces
were prepared for electron microscopy to study the topography of the
fracture surfaces, By the use of this technique of electron fractography
it was hoped to get further insight into the brittleness of the materials.
Figure 24 shows the fractographs for both warhead samples. Actual
topographical contour designs for fracture surfaces were classified
into ductile fracture, cleavage (brittle) fracture, etc. The outstanding
feature noted in both fractographg of Figure 24 is '"dimpling" or
"dimpled rupture* which indicates ductile fracture and is xharacterized
by circular or semi-circular markings. However, the initial test
samples showed a greater amount of *his dimpled rupture. This mode
of fracture is quite common to a wide variety of materials, including
high strength steel, The same mechanism of fracture is active and
the same general appearance results regardless of strength level,

Both fractographs also show some evidence of cleavage or quasi-cleavage,
but here the production sample showed a greater tendency toward this
mode of fracture as evidence by the '"canal'' pattern in the top center

of the production fractograph.

At the time this investigation was being conducted to determine
the cause of brittleness in the conventionally heat-treated production
warheads, other warheads were being heat-treated in various ways
toeliminate brittléness to sitisfythe 5 -« and 10 - Foot Drop Tests.
These test results (Figure 25) revealed some correlation between
hardness and drop test results -- generally with the harder warheads
showing the greater number of failures. Drop Test Sample 8 and 9
representing the production process but tempered back to a lower
hardness (R_ 44-49 Figure 4D and E) showed Some possibilities, and
representative warheads were pit fragmentation-tested (Samples 7-10
of Tables 2-4). The poor fragmentation results of these rounds compared
with the initial test (Samples 3 and 4 of Tables 2-4).could not justify
production-of'the softer warheads.
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Another series of warheads exhibiting strong possibilities by
passing drop tests wereSamples26 and 27 of Table 25, These
warheads were normalized (air cooled) from 1650°F, developing
a hardness range of R, 23-29 (Figure 4F), It was hoped that this
heat treatment would produce a network of some brittle carbide along
the grain boundary and that the fragmentation would approach our
initial test samples (3 and 4 of Tables 2-4), The microstructure of
these samples rcvealed that only a slight network developed (Figure 26).

Representative warheads were pit fragmentation-tested as Sample
11 and 12 of Tables 2-4, Fragmentation was very poor and could be
attributed to this heat treatment,

Another normalized treatment at 1750°F did produce a more definite
carbide network (Figure 26), but warheads failed the Drop Tests
(Figure 25, Test 30), However when the warheads were machined
prior to normalizing, they passed drop tests (Figure 25, Test 28 and
29)., A decarburized layer was present on the outside surface and may
have contributedtothe end result by cushioning the drop test impact.
This was not pursued any further and no fragmentation tests were
performed on these warheads,

A final test series was conducted for general information by
Picatinny Arsenal on production warheads, which were subjected
to a carbide network heat treatment, The hardness pattern after heat
treatment is in Figure 4G, Fragmentation tests were conducted
(Sample 13 and 14 in Tables 2-4) and results were poor compared with
production warheads. This could have resulted from poor response to heat
treatment, It should be noted that an extended soak time was provided
to destroy the martensitic microstructure, Photomicrographs of these
warheads (Figure 27) show a network at 500x, but possibly not
sufficient to produce the superior fragmentation for which this heat
treatment is known, Note also the band in Figure 27, 250x, and its
response to this heat treatment,

A summary of all mechanical tests is in Figure 28,

13
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(U) OBSERVATIONS AND COMMENTS

The quench and tempered warheads of R, 55-56 produced originally
as initial test samples survived 5- and 10-Foot Drop Tests and passed a
complete engineering test program. Fragmentation was as good as
PMI warheads, Micrographs showed almost no sign of any banding.

Subsequent production warheads of R, 56-58 produced from
different heats of 52100 steel, broke at 3-Foot Drop Tests, Micrographs
indicated that banding was present in warheads and further that cracks
are propagating along these bands, The banding may or may not have
initiated the cracks, The cracks may have been initiated during heat
treatment, but this was never fully ascertained, However, it appears
that the cracks were propagating along the brittle banding paths,

Charpy impact tests show some correlation with Drop Test
results. Drop tests in our program were a useful tool and should be
used more frequently,

The 52100 steel was successfully warm cupped and cold drawn
to produce the 2,75~inch warhead to required dimensions.

Further work could be performed to develop a one-piece 2,75-inch
warhead, One approach could be an investigation of the 52100 steel
1750°F normalized warhead described briefly in this report, A carbide
network was formed and fragmentation may be comparable with the
PMI warhead.

A better approach may be to investigate alternate steels, such
as 1340 and 4150 which are being evaluated for other shell applications,

Finally, it is hoped that this report enhanced the information on
the deleterious effects of banding.
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Cross-Section of Etched Base End Surfaces

(U) FIGURE 3
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AMT Test Prior to Field Firing Material
5 Jolt. 52100
5 Jumble 52100
5 5~Foot Drop 52100
20 Temperature Vibration Fired cold (-65°F) 52100
E 40 Temperature Vibration Fired hot (+155°F) 52100

| (U) FIGURE 8

SUMHARY OF FIRING TESTS
ABERDEEN PROVING GROUND
2.75-INCH ROCKET MOTORS
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Note the two warheads
simultaneously passing
through the copper coil

7
LY

The vertical bars
have "stops" for
controlling the
process
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(U) FIGURE 1U

CTION SCANNER HEAT TREATMENT UNIT
SELECTIVELY HARDERING 2.75-INCi
WARHEAD M"TAL PARTS

| NDU
FOR
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(U) FIGURE 11

THE INDUCTION SCANNER SELECTIVELY
HARDENED WARHEAD LEAVING NOSE AND BASE
AREAS SOFT. NOTE THE DARK HARDENED AREAS
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VARIOUS HETALWORKING STAGES OF PROGUCTIOW PROCESS
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A 50X B 500X
Typical transition zone between soft Severe carbide banding observed
nose or base and hard center area parallel to center line

D 250X

C Macro
Srack found on inside surface

(U) FIGURE 15

METALLURGICAL EVALUATION OF A PRODUCTION
WARHEAD
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Height Numbcr Dropped Number Cracked Remarks
40 feet 1 1 All warheads ine'rt
10 feet 3 2 loaded'. All Warheads
5 feet 11 5 inspected using
4 feet 6 2 magnetic particle
3 feet ' 3 2 inspection equipment
(Maguaglo) before and
after tests,
10 feet 4 4 All warheads were
7 feet 8 7 empty, Cracks were
6 feet 3 0 inspected visually only,
5 feet 9 0

(U) FIGURE 16 i

DROP TESTS FOR 2.75-INCH WARHEADS . j
(52100 STEEL). ALL WARHEADS WERE |
DROPPED BARE IN A HORIZONTAL POSITION

ON A STEEL PLATE
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100x

(U) FIGURE 17

PHOTOMICROGRAPH SHOWING CRACK
SURFACE PARALLEL TO BANDING
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PHOTOMICROGRAPHS OF 52100 STEEL WARHEAD |
SHOWING BANDING STRUCTURE IN THREE
4 GEOMETRIC PLANES '




it v"..},.. _: Q5 e
5 Y S
et Voo R Lr
Gl st i 4 ‘

(U) FIGURE 19
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PHOTOGRAPHS OF TWO BROKEN WARHEADS
DROPPED 40 FEET ON A STEEL PLATE
DURING INITIAL TEST PHASE

{ Reproduced from poor photographs)
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100X

500x

(U) FIGURE 22

CROGRAPHS OF TYPICAL STARTING SLUG
ED FOR PRODUCTION PROCESS, TAKEN
IN THE DIRECTION OF WORK
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(U) FIGURE 23

AINED AUSTENITE MEASUREMENTS BY X-RAY

FRACTION. COMPARISON OF INITIAL TEST

PLE WITH PRESENT PRODUCTION SAMPLE
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DIF
SAM
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Initial Test Sample

Present Production Sample

(U) FIGURE 24
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Normalized, 1650°F Air Cooled

Normalized, then Machined Normalized after Machining

Normalized, 1750°F Air Cooled, 500X

FIGURE 26
PHOTOMICROGRAPHS OF NORMALIZING
HEAT TREATMENTS FOR
52100 STEEL WARHEADS

62




500X

250X

FIGURE 27
PHOTOMI CROGRAPHS OF 52100 STEEL
WARHEADS SUBJECTED TO A
CARBIDE NETWORK HEAT TREATMENT
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TESTS

Tensil Yield Charpy++ .~
Strength Strength % Elong, |ft,=1b,~"
Samples psi psi " Avg.
Initial Test Samples 299,000 264,000 3.2 1.72
(contract 2230) 299,400 | 264,000 2.4 1.44
Rc 55-56%% 299, 200 Avg| 264, 000 Avg| 2.8 Avg| 1.80
;l. 65 Av
Production Samples 282,000 0.80
(Contract 2354) + 281,000 + 0.95
R, 55-58% 281, 000 Min 0.38”7
47 1 Avg
Production Samples 215, 384 212, 637 4
Modified Rc 44 o4 0% 216,867 207,229 10%
216,125 Avg| 209,933 Avg 4 Avg
Production Sample 248,913 233,696 7.5 3,5
Modified R 49-50%% 246,875 234, 375 5,0
247,894 Avg|234,035 Avg|6.7 Avg ) 3.5 Avg
Normalized 1650°F 170,000 85,000 11 1.20
R 23-29%% 160, 500 67,000 11 1.36
- 165,250 Avg| 76,000 Avg|Tl 1.00
/. 19 Av
Carbide Network 177,000 130,000 2,72
Heat Treatmeni 176,000 128, 000 * 2.6
176,500 Avg|129,000 Avg
2,70 AVE

+Two samples broke in threaded area,

However, ps‘ reduced 282,500 and 281, 000.
++One-Third (1/3) Standard Size Charpy Specimens

FIGURE 28
SUMMARY OF PHYSICAL PROPERTIES FOR
VARIOUS HEAT TREATMENTS OF 52100

#Broke outside gage length,

%R ockwell C Scale

64 STEEL 2.75-INCH WARHEAD M/PTS

No tensile or elongation data was obtained,
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f CONFIDENTIAL

TABLE |

i CYLINDER TEST RESULTS

Weight Percent Fragments ve, Fragment Weight Groups (Grains)

Fragmentation Sample Number
Weight 900°F | BO0CF | 700°F | 600°F | 5000F | 4000p
Groups Temper | Temper | Temper | Temper | Temper | Temper
(Grains) Rc 44-45|Rc 45-47 |Rc 47-69|R¢ 50-52| R 54-56|R. 57-58
,' 000-005 2.1 2.5 3.3 5.5 7.1 8“4
i
' 0.5-2.0 7.1 14.4 18,7 25,7 32,4 35,9
. 2,0-5,0 18.4 25,2 32,2 30.7 37.5 38,7
5,0-10.0 22,0 27.7 23,6 24,0 17.0 14.9
1000-2000 2401 18.0 17u2 1200 6.0 Z.l
i 20,0-25.0 4,4 4,5 1.1 2.1 0 0
25.0-50.0 19,2 5.0 3.9 0 0 0
50,0-75,0 2,7 2.7 0 0 0 0

The .Cylifiders:represent the following parameters:

Material:

E52100 Steel

Diménsions: 2,75 inch 0.0 x 2,75 inch 1,0 x 4 inch long

Heat Treat: 1550°F, Oil Quench (Tempered as noted above),

CONFIDENTIAL




w ——— =~ e ——— - - e ——c
| S
|
62-£2 mm z1 9v-v¥ °¥u 8 0£2Z WeAWOD ¥
J00S91 PoZI[PWION [ spy/m comuusmwo.unm PAIPON L wexBoad 1893 [e1jIul/] speayiem ¢ v
} . o) i L] - . .
.. 8e-S¢ 9 P1 05=-6% um o1 $SE2Z IdvIJUOD “86-9G5 “Y *L°H uUed§ 9 speoyzem INd 4
1°H RI0m3aN 5P1qIeD) ¢l SPY/m UOIIINPOIJ PIIJIPOW 6 speayiep uoldnpord S 1
puaBag
q L] e « [ ] . . L]
619°L 9LL 9 1X%: ] LS¥ ‘8] ¥9s°S ¥9¢ °s 208 °8 $20°6] €29°'%1 | ST1¥’el 880°F¥1| ¥20°si | 189°01 | 251 ‘O1 TeoL
4] 0 0 0 0 0 0 0 0 0 0 0 0 0 D°0005-6°0SL
1 3 r4 4 1 a1 L1 9 o1 1 o1 8 6 L L 0°05L-0°0s1
ot 62 €1 01 ¥1 ¥8 Y4 92 1t 12 44 s2 €l 21 0°0s1-0°GL
19 6L 0¢ 6¢ 1€ 2¢el 9% Ly 8 1 %4 91 91 L 44 St 0°SL-0°0S 1
| 281 6L1 stl 1681 8I1. 661 0LI 6L1 ¥2 6% €€ 82 8L 29 0°0s-0°0¢ ]
| 9¢2 ¥ez €e2 622 862 L12 SL2 992 69 69 95 6L oet LTA 0°0€-0°02
222 FA 44 L2 0L? 252 902 €L2 8672 szl sel 06 L8 812 ¥a2 0°02-0°s1
[1.1% 18§ 4 s6S LLY S6¥ §62 1% 2 21s yile L9¢ slg L2 8% 444 0°S1-0°01
s0S ¥9¥ 09¢% 16S s8¢ 082 9¢s 82¢ €9S L6S €86 £¥S 129 6LS 0°'01-0°L
9%S 609 019 019 899 19¢ 159 s8¢ 888 LyL 116 9.8 €¥L 82L 0°L-0°S
LLé 1€8 LSl 6111 over 195 9%01 €66, 8¥61 82L1 9L81 ¥861 0zZ¥1 8¥21 0°6-0°¢
0s8 SéL 1L01 896 0¥0r1 1€S 856 S06 €612 6161 2¥61 €602 $oE1 0z2¢1 0°¢€-0°2
12X 44 6602 9%62 €eLe 2962 ¥lel 91¥%2 26%2 £89S ¥9LS 2625 8959 14627 669¢ 0°z-8°0
8LE1 216 921 6521 2021 L19 8621 80¢1 PLLZ 9861 L8S2 L182 L661 SPSl 8°0-5°0
== = == o2 orL 009 SSsL s16 ==3 =H= ss€ 189 1€2 95 $°0-0°0
(surean) .
¥l €l 21 11 01 6 8 L 9 S 4 € 4 1 sdnoin
wBrom
siaquun) ajdweg JuswiSea g

(SNIVYD) SANOYD IHOITM INIWOVYEL *SA SINIWOVEI HIGWAN TVIOL

237149vVyL

TVIINIQIINGD




TVLIN101N0D
[
~0
‘2 °Iqel se sawes ayj s1 puaBery
zo0gL ¢ 1| 20899 °9|zogeg 2 nohmm.hwoowm.m— 20869 °1|Z0160°0| Z00L8°1 [20998 *¢ (20285 * L] zopes 5| zo12¢ * 9| 20205 ° | zoZ62 *
sql 9 8qr 9 sqr 9 8q[ 9 8q1 9 sqr L sqt L Sqr L 8qr 9 sqr 9 8qr 9 sqr 9 8q1 9 8q1 9 reoL
262°S 0 0 0 0 0 0 0 0 0 0 0 0 0 [0°00s-0°0SL
€29°1 | szttt |¥ST°TU |66L°0 |€s€°S |[¥es°L |1¥l'e |[€10°S [989°T |09%°'v Qscc'® |L06°¢ 620°% [908°% [0°0SL-0°CST
92¢°9 | 2259 |tr1°€e |o6c°z SSS°€ | TOL°6T1 |201°9 [¥¥L°S [908°2 |291°s [ies°s |[z61°9 |e6v6°c |zz9°z lo*osi-0°s2
€92°8 | 985°01 |866°c |8S¥°S 00€°%y |9T11°81 |992°9 [¥s¥°9 |Jr12°1 |Joei*e Jov2°z losi*z lsw¥s's |ezz°z 0°6L-0°0S
S26°ST | €€S°ST [296°6 |8g0°c1 [1¥6°6 |sSS°L1 |628°%1 |162°ST |ero°z (20z°% |vee°z lsec'z |s89°9 |100°s 0°05-0°0¢
102°€T | 96€°21 |OSL° 21 |269°21 |T1€1°¥T |st0°21 ,%0S°St |ve8 %1 [tir°c |re8°¢ [Jiso'e |zoe's |90z lsz9°6 0°0£-0°02
SSL°8 | 029°6 |2€L°01 |sg9°0r [0S6°6 lile1°8 |eLL°01 J12Z°01 [206°% |[962°s Qisv‘'s |ese'c |e6zs's |sto°o1 | 0°0z-0°s1
LS6°01 | IS¥ 1T |S9S°ST |6se el [O088°€l frir°Zs |1s9°21 |98U°%l [p9z°01 |6%6°6 Jsss°s |zos-z |tez st lzis*z1 | o°st-0°ot
L59°6 | 1Z6°8 |€69°01 |2ze 11 |LLU°11 (¥8€°S |¥61°01 [960°01 zr°o1 |6zz°t1 J¥86°01 Js9z o1 |9ze-tt leso°t11 | 001-0°2
€EF¥ L | 226°9 |s92°8 |siz°s 190°6 [L18°F |8e¥°L |¥16°L [eco°t1 |2L6°6 Joez 21 |esecit lszocor |106°6 0°L-0°¢
2¥L°8 | 12€°L 62201 |620°01 |S20°I1 |€10°S |s62°6 |€8L°8 |60 L1 losz'st fezs°9t leze 2t ltzs zt loso 1t 0°6-0°¢
1€8°% | 61S°% |8S0°9 L9%°S 8L8°s [206°2 |9z¥°s |e21°S vtz |26L°01 Ps¥ecor |zesc it losecr {iseceL 0°€-0°2
6¥9°9 | 192°9 [L198°8 |e¥i°8 98L°'8 [Zb6°c |06e°L |095°L lewi it lebo°Ll ELE0°9T |219°9T JTI€ 01 {L%0°T1 0°2-8°0
gzr°z | L1yt |2s6°1 %61 €08°1 |816°0 IS16°T JOL6°1 |esti*% lstt°c lsz6°s licz'w [Beo'e |rLece 8°0-6°0
ahbdl BEL bbb R AL L¥s°0 |eev°0 |81S°0 |089°0 |-~--- }----- Qpre°0 |soL°0 220 |9s50°0 §°0-0°0
(surean)
¥l €1 ra 1t o1 6 8 1 ¢ 9 S 2 € Z { R
[ wiom
siqun) ajdureg Pad G gl .

(SNIVYD) SANOYD IHOIIM INIWODVHI *SA (SIONNO) SINTIWOVEI LHOIAM TVIOL

¢ d1dVyl

IVLLNIQIINOD




TVIINI014NDD

*Z 91qe], se swes ayj s1 pualag

28°¥ 0 0 o 0 0 0 0 0 0 0 0 0 0 [10°005-0°052
8¥°1 ¥lL°1 21°1 €L"0 26°y S9°9 SE°S 155 2 4 69°1 | £ 4 62°%V s8°¢ L6°€ 28°% | 040SL00°0S1
9L°S St 9 L0°¢ 1€°2 L2°¢ 6E°LT L¥°S L0°s 18°2 86°¥% QLS 60°9 10°¢ €9°2 J0°0S1-0°SL
€S°L 0t “01 18°¢ L2°s S6°¢ 66°S1 29°S oL"s 22°1 90°¢ 22°2 21°2 0¢°¢€ €2°2 0°9L-0°09%
18°¥%1 €1 °S1 €9°6 6s°21 €16 0s°s1 PE €1 1s°¢1 80°¢ 90°¥% 06°¢ 9¢°? 09°9 20°s 0°05-0°0¢
20°21 L0°21 €€ 21 9Z°21 86°21 19°01 06°€1 11°¢l 2L°E oL ¢ 20°¢ €2°¥ 86°9 oL 6 0°0€-0°02
L6°L LE "6 8¢ “ 01 62701 Pr°6 81°L 99°6 €0°6 16°% 11°¢ i 2 A% 1 2 3 rA A s0°01| 0°02-0°S1
86°6 ST°11 S0°S1 06°21 sLz1 82°9 ¥ 11 €921 g82°01 09°6 6%°8 8e° L rAGKN G6*21 | 0°s1-0°0T1
08°g 69°8 ¥€ °01 €6°01 LZ°01 T 4 ¥L°6 26°8 ¥L°01 68°01 98 °01 oT°01| 8L°11 2111 | o*01-0°L
LL'9 ¥L°9 66°L 00°8 rAg ] SZ°¥ l9°9 66°9 S6°11 £€9°6 s1°21 LS 11 s6°6 €6°6 0°L-0°S
96°L 81°L 68°6 S0t €1°01 1% A 4 €€°8 9L L 21°L1 L%l €€ °91 Ss0°Lt v 2 80°11 0°6-0°¢
(1 A 4 (1] 2 4 98°S S ov°s €9°2 98 ¥ €SV 91 ° 21 ¥ o1 28°01 ¥°11 82°L oy L 0°¢-0°2
90°9 60°9 85°8 .etL L0°8 2s°¢ 29°'9 89°9 L1°LY 16°91 e8°s1 Q€ “91 81°01 80°11 0°2-8°0
¥ °1 Le°1 68°1 L8°1 99°1 18°0 2Ll PLT 91 ¥ 10°¢ 88°¢ L1°¥ 66°2 8¢ 2 8°9-5°0
$°0-0°0
(sutrean)
¥l el 21 11 o1 6 8 L 9 S 14 € r4 1 sdnoan
. B M
juawBeay
(SNIVYD) SdNOYD LHOIAM INTIWOHVUI °*SA SINIWOVIEL INIDHAJ IHDIAM
ya14dVvVy

68




CONFIDENTIAL

TABLE 5

LETHAL AREA RATIOS

OF

PMI VS, 52100 STEEL 2,75 WARHEADS

Prone men (one point target)

Type 20 50 100 15° 200 300 400
PMI 1,00 1.00 1,00 1,00 1.00 1,00 1.00
52100 '
Steel 1,08 1.08 1,10 1,08 1,07 1,09 1.06

Standing Men

Type 29 50 100 15° 20° 300 400
PMI 1,00 1.00 1.00 1.00 1.00 1.00 1.00
52100 _
Steel 1,06 1,05 1,07 1,08 1.07 1,05 1,04
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